The metabolism is the motor behind the biological complexity of an organism. One problem of characterizing its large-scale structure is that it is hard to know what to compare it to. All chemical reaction systems are shaped by the same physics that gives molecules their stability and affinity to react. These fundamental factors cannot be captured by standard null-models based on randomization. The unique property of organismal metabolism is that it is controlled, to some extent, by an enzymatic machinery that is subject to evolution. In this paper, we explore the possibility that reaction systems of planetary atmospheres can serve as a null-model against which we can define metabolic structure and trace the influence of evolution.
We find that the two types of data can be distinguished by their respective degree distributions. This is especially clear when looking at the degree distribution of the reaction network (of reaction connected to each other if they involve the same molecular species). For the Earth's atmospheric network and the human metabolic network, we look into more detail for an underlying explanation of this deviation. However, we cannot pinpoint a single cause of the difference, rather there are several concurrent factors. By examining quantities relating to the modular-functional organization of the metabolism, we confirm that metabolic networks have a more complex modular organization than the atmospheric networks, but not much more.
We interpret the more variegated modular arrangement of metabolism as a trace of evolved functionality. On the other hand, it is quite remarkable how similar the structures of these two types of networks are, which emphasizes that the constraints from the chemical properties of the molecules has a larger influence in shaping the reaction system than does natural selection.
Reaction systems are, at many levels of the universe, motors driving the (like the right-skewed probability distributions of degree, which roughly speaking reflects the number of molecules a molecule can react with) [1, 2] . Still, as we will see, there are differences between these two types of systems and in this paper we will focus on what these differences are and what they can tell us of the evolution of metabolism. To put it short, we explore the idea that the reaction systems of planetary atmospheres can be null-models for studying metabolic networks in an evolutionary perspective.
The study of reaction-system topology (the set of all participating reactions) has long been restricted, by lack of data, to small subsystems. These systems, like e.g. the citric acid cycle of metabolism [3] or the carbon-nitrogen-oxygen cycle of stellar nuclear reactions [4] [6] [7] [8] [9] , or to find simple graph representations encoding as much relevant information as possible [10] [11] [12] .
In this paper, we will focus more on the latter developments and study the topology of two simple graph representations:
one substance graph where the vertices are molecular species and an edge represents that two vertices participate in the same reaction, and a reaction graph where vertices symbolize reactions and two vertices are linked if they share some molecular species. In addition to these representations we also study the reaction systems as a bipartite graph with two classes of vertices, one for reactions and one for molecular species with edges connecting substances to the reactions they participate in. (Note that this representation, although more informative, still means a reduction of the information from the entire reaction system since one no longer can see which reactants that need to be present for a reaction to occur, or which products that are produced.) We investigate several topological properties of such graphs from reaction systems of planetary atmospheres and organismal data sets. Apart from degree distributions, we study network modularity (reflecting how well a graph can be decomposed into dense sub-graphs that are relatively weakly interconnected), currency substances (abundant molecular species that can react with a broad spectrum of other substances) and degree correlations (if edges primarily go between vertices of similar degree, or if the degrees are unbalanced with many edges between high-and low-degree vertices).
The different degree distributions of the human metabolic and Earth atmospheric networks
Since the degree of a vertex count the number of other vertices it interacts with, it is a fundamental network quantity. The high-degree vertices can, and in most situations will, interact with many other vertices. The early findings that reaction systems have fat-tailed degree distributionsi.e. most vertices interacts only with a few others while some interact with a number far larger than the averagepoints at a diversity of functions among the vertices. For the metabolism, the common interpretation is that the high-degree (Fig. 2) . Indeed, it is difficult to single out a more fundamental quantity causing the differences in degree distributions, as we will see in the rest of this section.
In our quest for a more detailed explanation of the difference of degree distributions in Fig. 1 , we look closer at the bipartite representations mentioned above. In 
where S i is the sum of degrees of i's neigh- We now turn to the question how much these observations can be generalized to the other networks. To this end, we will use more rigorous methods for analyzing probability distributions than we used so far. We will analyze the data using methods from Ref. [11] . First, we test the hypothesis that degrees are power-law Similar to the observations in the detailed studies above, the projections to substance or reaction graphs create the difference However, the planet-network distributions are more similar to log-normal than power-laws, whereas it is the other way around for the metabolic networks.
Modularity and currency metabolites
Biological systems are commonly for the cell's functionality, then degree rather separates chemical substances of different functionality-at least in metabolic substance networks, the high-degree vertices are typically light molecules that supply atoms and molecular groups to the functionally more specialized low-degree vertices [14] . For reaction networks one can assume a similar interpretation-highdegree vertices are reactions supporting many subsystems of the reaction system. All substance projections, for both atmospheric and metabolic networks, do indeed have relatively broad degree distributions. This supports the above-mentioned picture of functional differentiation by degree. Using statistical tests, we can separate organisms from planet fairly well. The networks of planetary atmospheres are typically consistent with power-laws, but the metabolic networks are not. The planetary networks are, however, statistically more similar to log-normal distributions, which suggests that the fact they are deemed consistent with power-laws is an effect that they are, on average, smaller than the metabolic systems (and thus does not provide enough data to give statistical significance).
We note that in the substance-network projection, the Earth atmospheric and human metabolic networks have rather 
Datasets for metabolic and chemical networks
Reaction sets for planetary atmospheres are described in Ref. [5] , except the "solar system" data that was obtained from the UMIST database [15] . The metabolic networks come from the KEGG [16] and BiGG [17] database and are described in Ref. [7] . We select nine datasets from the KEGG and BiGG databases to match the number of planetary atmosphere datasets. To get a rough error estimate of sampling effects, we also analyze the human data both from BiGG and KEGG, and two independent datasets from Jupiter's atmosphere. Our selection criterion is that the datasets should be a diverse selection among the most well-studied model organisms.
Network representations
To 
Testing degree distributions
We use the approach in Clauset et al. [11] to test the degree distributions for the hypothesis that they follow power-laws.
This method starts from the real data and obtains the exponent of a best-fitting power-law, α, by maximum likelihood estimation. Then one draws sets of random numbers, of the same cardinality as the original data, from the probability distri-
where Λ is a normalization constant. which distribution of power-law and lognormal distribution functions that best fits our data. The log-normal distribution is defined by the probability density function
where A´, a´ and μ are positive constants (A´ is a normalization factor, a´ and μ are parameters giving the shape of the curve).
Vuong's method takes the likelihoods, L₁
and L₂, of the two functional forms generating the observed data as its starting point. The method uses the result that is normally distributed for large data sets to compute a p-value for the hypothesis that the data was generated by distribution 1 rather than distribution 2.
Network modularity
The concept of network modularity, cluster, 
where Q´ is the average of the maximal modularity over 1000 rewired graphs.
Currency vertices
The hubs in metabolic networks-e.g. H₂O, NADH, ATP and CO₂-are typically also the most abundant metabolites throughout the cell. These are the workhorses of metabolism, supplying functional groups to proteins and other molecules with more specialized functions. Since these currency metabolites are present throughout the cell and do not put much of constraints on the reactions they participate in, one can learn more about the functionality of the network if one exclude them from the graph representation. The circumstance that they are common throughout the cell and participate in many reactions also means that they connect network modules and effectively lower the modularity. This observation, along with the fact they have a high degree, has been used as a definition of currency metabolites [10] . If one deletes vertices in order of their degree (starting from large degrees) and monitor Δ, then for metabolic networks, Δ typically first increase to a maximum and later decrease. Ref. [10] defines currency metabolites as those that give the largest Δ before Δ reached a value larger than in the original graph. This definition is general enough to apply to other reaction-system networks, and one can speak of currency vertices also for atmospheric or nuclear reaction systems [14] .
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